Vaccination programs for the control of avian influenza (AI) in poultry have limitations due to the problem of differentiating between vaccinated and virus-infected birds. We have used NS1, the conserved nonstructural protein of influenza A virus, as a differential diagnostic marker for influenza virus infection. Experimentally infected poultry were evaluated for the ability to induce antibodies reactive to NS1 recombinant protein produced in Escherichia coli or to chemically synthesized NS1 peptides. Immune sera were obtained from chickens and turkeys inoculated with live AI virus, inactivated purified vaccines, or inactivated commercial vaccines. Seroconversion to positivity for antibodies to the NS1 protein was achieved in birds experimentally infected with multiple subtypes of influenza A virus, as determined by enzyme-linked immunosorbent assay (ELISA) and Western blot analysis. In contrast, animals inoculated with inactivated gradient-purified vaccines had no seroconversion to positivity for antibodies to the NS1 protein, and animals vaccinated with commercial vaccines had low, but detectable, levels of NS1 antibodies. The use of a second ELISA with diluted sera identified a diagnostic test that results in seropositivity for antibodies to the NS1 protein only in infected birds. For the field application phase of this study, serum samples were collected from vaccinated and infected poultry, diluted, and screened for anti-NS1 antibodies. Field sera from poultry that received commercial AI vaccines were found to possess antibodies against AI virus, as measured by the standard agar gel precipitin (AGP) test, but they were negative by the NS1 ELISA. Conversely, diluted field sera from AI-infected poultry were positive for both AGP and NS1 antibodies. These results demonstrate the potential benefit of a simple, specific ELISA for anti-NS1 antibodies that may have diagnostic value for the poultry industries.
Avian influenza (AI) is a viral disease of poultry that causes a wide range of disease signs. There are two main AI pathotypes: highly pathogenic AI (HPAI) and low pathogenic AI (LPAI) virus infections. HPAI virus infections, which are caused by some viruses of the H5 and H7 subtypes, usually result in multiorgan systemic disease, with high rates of morbidity and mortality. LPAI viruses are more commonly isolated from domestic poultry and may be associated with mild respiratory disease and reductions in egg production (1, 10, 34, 41) . When an AI virus infects poultry, the virus is excreted from both the respiratory and the digestive tracts, resulting in the rapid spread through a population of susceptible hosts (37) . Wild waterfowl and shorebirds provide a reservoir for all 15 influenza A virus hemagglutinin (HA) subtypes, but infections in these species generally do not produce clinical signs (1, 7, 26, 27, 29) . Although chickens and turkeys represent abnormal hosts for AI virus infections (32) , the viruses have crossed over from the wild bird reservoir to infect domestic poultry (13, 43, 44) . Over the last decade, AI viruses circulating in live-bird markets have provided a secondary reservoir from which influenza viruses have crossed over to infect commercial chicken and turkey operations (23, 28, 31) .
Virological surveillance over the last several years has shown that multiple subtypes of influenza A virus have been isolated from poultry (41, 42) . Notably, in 2002, an LPAI virus caused a major outbreak in commercial poultry in Virginia and adjacent states. During that outbreak, mild respiratory disease, decreased egg production, and increased mortality were associated with the presence of an H7N2 virus, detected primarily in turkey flocks (41) . More than 4.7 million turkeys and chickens were depopulated, and the outbreak was estimated to have cost the poultry industry more than $120 million (41) . The recent H7N2 North American isolates appear to be well adapted for poultry and replicate to high titers in the respiratory tract for up to 7 days after infection (40) . In 2003, another outbreak of H7N2 LPAI virus infection occurred in a large egg layer complex in Connecticut and in a single layer operation in Rhode Island (42) . In 2004, H7N2 LPAI virus was detected on two farms in Delaware and one farm in Maryland and resulted in the quarantine of more than 100 commercial and noncommercial flocks. Many other subtypes of AI viruses have been recovered from poultry and other gallinaceous birds in recent years, including the H1N1, H5N2, H5N3, H6N2, and H7N3 subtypes (41, 42) . The H5 and H7 LPAI virus subtypes present a much greater concern because some of these viruses have undergone phenotypic shifts to HPAI virus variants both in the field and in laboratory settings (1, 16, 24, 43) .
The traditional method of AI vaccination of poultry includes the use of inactivated whole-virus vaccine licensed for paren-teral (subcutaneous [s.c.] or intramuscular) administration. These inexpensive commercial AI virus vaccines are produced from unpurified allantoic fluid emulsified in an oil-based proprietary adjuvant. Although AI vaccines have been successful at providing protection against clinical signs and death among poultry (11, 14, 35) , they are not commonly used as part of programs for the control and eradication of LPAI or HPAI virus infections (14) . For a number of reasons, including the concerns of trade embargoes on poultry and poultry products, quarantine and elimination of infected flocks (i.e., stampingout or controlled marketing) are often preferred measures for controlling AI. An additional limitation is that traditional AI virus vaccines can interfere with serologic surveillance; hence, these vaccines induce antibodies that are indistinguishable from live virus infection, as determined by the traditional agar gel precipitin (AGP) test, commercial enzyme-linked immunosorbent assays (ELISAs), and hemagglutination inhibition (HI) tests (36) . The AGP test is considered the international standard for the serologic diagnosis of AI among poultry (2, 3) .
The NS1 protein of influenza A is a nonstructural protein expressed in large amounts in virus-infected cells, but it has not been detected in virions (17) . The phylogenetic relationships of the NS genes have revealed two different gene lineages, referred to as groups or alleles A and B. AI viruses as well as mammalian influenza viruses separate into the A group, whereas the B group contains virtually all AI virus strains (19, 30, 39) . This protein is synthesized early in infection and has been implicated in inhibition of the host antiviral defense mediated by alpha and beta interferons (12) . The interferon antagonist properties of the NS1 protein depend on its ability to bind double-stranded RNA, a known potent inducer of interferon. Selected amino acid residues within the NS1 protein play a critical role in the ability of this protein to bind to double-stranded RNA, and mutations of just two amino acids can result in an attenuated virus (9) . This may partially explain the high degree of NS1 conservation among influenza A virus strains (5, 19, 30) and provides an antigenic marker for influenza virus infections (4, 22) . Nonstructural protein has also been used as a marker for hepatitis C virus (15) and foot-andmouth disease virus infections (20) .
The main goal of the present study was to establish a diagnostic test for the differentiation of AI-vaccinated poultry and AI virus-infected poultry. We describe a differential test, an ELISA for the NS1 virus protein, based on the production of antibodies to this protein that are readily detectable in sera from infected poultry. Such a diagnostic test based on the detection of conserved NS1 antigens could be useful for differentiating multiple influenza A virus subtypes. Virus stocks were propagated for 30 to 37 h in the allantoic cavities of 10-day-old embryonated chickens' eggs at 37°C. Infectious allantoic fluid was aliquoted and stored at Ϫ70°C. Fifty percent egg infectious dose (EID 50 ) titers were determined by serial titration of viruses in eggs, and endpoints were calculated by the method of Reed and Muench (25) . All virus stocks had high infectivity titers in eggs (7.7 to 9.2 log 10 EID 50 s/ml). To select the peptides to be synthesized for this study, amino acid sequences of multiple influenza A virus isolates, including both NS1 allele (group) A and B viruses, were aligned in the Megalign computer analysis program (DNASTAR, Madison, Wis.). Specific sequences from conserved areas of the NS1 gene were identified by using the Protean computer program (DNASTAR) to identify areas that were predicted to be hydrophilic and antigenic. Two ELISA peptides with NS1(B) sequences 28-GDAPFLDRLRRDQK-42 (NS1 [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] ) and 35-LRRDQKALKGRGS-49 (NS1 [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] Cloning of the NS1 gene. For plasmid construction, the NS1-coding sequence was amplified by PCR from a previously cloned NS gene segment from A/Mallard/WI/458/75 virus. The PCR primers contained the restriction sites XmnI and XbaI. The primer used for Mallard/WI/428/75 was GCGAGAAGGATTTCAA TGGACTCCAACACGATAAC [NS(B)-XmnI]. The PCR products were run on a 1.5% agarose gel in TBE (Tris-borate-EDTA) buffer, and the ϳ700-bp bands were excised and extracted by use of a QIAquick gel extraction kit (Qiagen, Valencia, Calif.). The purified PCR product and the pMAL-c2 vector were digested separately with 0.5 U of XmnI and XbaI per l in Promega (Madison, Wis.) buffer B in the presence of 0.5 g of bovine serum albumin per l at 37°C overnight. pMAL-c2 was dephosphorylated with shrimp alkaline phosphatase (Promega) according to the recommendations of the manufacturer. The inserts and the vector were ligated with a Ligafast Rapid DNA ligation system (Promega). The ligation products were transformed into competent Escherichia coli cells (Invitrogen, Carlsbad, Calif.) and plated on Luria broth plates containing 100 g of ampicillin per ml.
MATERIALS AND METHODS

Viruses
For protein expression, E. coli clones of pMAL-c2 with the NS1 inserts were grown in Luria broth, Miller (Sigma, St. Louis, Mo.), supplemented with 0.2% glucose and 100 g of ampicillin per ml at 37°C in a shaking incubator at 250 rpm. Isopropyl-␤-D-thiogalactopyranoside (0.3 mM) was added to cultures with an absorbance at 600 nm of ca. 0.5, and the cultures were incubated for an additional 2 h. The culture fluid was centrifuged at 4,000 ϫ g for 20 min at 4°C in an SLA-3000 rotor in a Sorvall RC 5B plus centrifuge. The supernatants were discarded, and the cells were resuspended in column buffer containing 20 mM Tris-HCl (pH 7.4), 200 mM NaCl, and 1 mM EDTA. After overnight incubation at Ϫ20°C, the cell pellet was thawed and the cells were lysed by sonication on ice at 15 W in 20-s pulses. The lysate was centrifuged in a Sorvall SLA-1500 rotor at 9,000 ϫ g for 40 min at 4°C.
Chromatography. The lysate supernatant was loaded on an amylose affinity resin (New England Biolabs, Beverly, Mass.) in a Kontes column (10 by 1.75 cm), and protein elution was monitored by measurement of the absorbance at 280 on a BioLogic LP system (Bio-Rad Laboratories, Hercules, Calif.). The column was washed with 2 volumes of column buffer, and the MSB-NS1 fusion protein was eluted with column buffer plus 10 mM maltose. The fractions that eluted with maltose were concentrated by ultrafiltration in an Amicon stirred cell by using nominal molecular weight limit (NMWL) 10,000 membranes (Millipore, Billerica, Mass.), and the buffer was exchanged for 20 mM Tris-HCl and 25 mM NaCl (pH 8.0). The desalted MBP-NS1 fractions were loaded on a DEAE Sepharose FF column (10 by 1 cm; Sigma). After two washes with 1 volume of column buffer, proteins were eluted with a 0 to 16% gradient of 500 mM NaCl in 20 mM Tris-HCl buffer (pH 8.0). Fractions containing the MBP-NS1 protein were desalted and concentrated by ultrafiltration and then stored in 20 mM Tris-HCl (pH 7.4) plus 5% glycerol.
Vaccine preparation. The commercial AI vaccines, subtypes H1N1 and H7N2, were prepared by Lohmann Animal Health (Gainesville, Ga.). The seed stocks, A/Swine/North Carolina/17366/01 (H1N1) and A/Chicken/Pennslyvania/21342/97 (CP/97, H7N2) viruses, were propagated in embryonated chicken eggs, inactivated with formalin, and emulsified in a proprietary oil-based adjuvant. The purified vaccines (TW/68 and CP/97) were concentrated from allantoic fluid and purified by equilibrium density centrifugation through a 30 to 60% linear sucrose gradient, as described previously (8) . This purification strategy removes allantoic fluid and egg proteins and leaves morphologically intact virions. For inactivation, purified whole viruses were adjusted to a protein concentration of 1 mg/ml and treated with 0.025% formalin at 4°C for 3 days. The treatment resulted in the complete loss of infectivity, as determined by titration of the vaccine preparations in eggs. The purified vaccine doses given throughout are expressed as amounts of total protein measured by the Bradford assay (Bio-Rad Laboratories) at 595 nm.
Inoculations. Four-week-old specific-pathogen-free white Plymouth Rock (WPR) chickens (Southeast Poultry Research Laboratory [SEPRL], Athens, Ga.) and medium white toms (MWTs; obtained from the British United Turkeys of America, Lewisburg, W.Va.) were used to generate experimental immune sera. The chickens were housed in stainless steel isolation cabinets ventilated under negative pressure with HEPA-filtered air. Turkeys were maintained in self-contained isolation units (Mark 4; Controlled Isolation Systems, San Diego, Calif.) ventilated under negative pressure. Animal care was provided as required by the Institutional Animal Care and Use Committee. Feed and water were provided ad libitum. Groups of four to five chickens and turkeys were immunized with the commercial inactivated vaccine (undiluted) or gradient-purified vaccine (10 g) one to three times by s.c. inoculation of 0.5 ml of vaccine in the nape of the neck. Boosted poultry received a second inoculation 14 days after the initial vaccination, and birds receiving a third vaccination were inoculated 16 days after the second vaccination. Control birds received the same volume of normal allantoic fluid emulsified in the same adjuvant (Lohmann Animal Health). Controls were identified as sham vaccinated. Some vaccinated turkeys were subsequently challenged with live virus, as described previously (40) . In brief, at 29 days after the initial vaccination, turkeys were challenged intranasally (i.n.) with 10 7.0 EID 50 s of TV/02 virus in a 200-l volume. For virus infection of naïve birds, groups of four to five chickens and turkeys were infected i.n. or intravenously (i.v.) with 10 6.0 EID 50 s (unless otherwise indicated) of infectious allantoic fluid in a 200-l volume of brain heart infusion medium (Difco, Detroit, Mich.).
AGP and HI antibody tests. Serum samples were collected from individual chickens or turkeys on various days before and after vaccination or infection. AGP and HI assays were performed by standard methods (2, 3) . Each HI test was performed in V-bottom, 96-well microtiter plates (Corning-Costar Co., Cambridge, Mass.) with 4 hemagglutinating units (HAU) of the indicated H7N2 virus antigen and 0.5% chicken erythrocytes. For the AGP tests, precipitating antibodies were detected by using A/Turkey/Wisconsin/129/66 (H9N2) virus as the test antigen and chicken antiserum with antibodies against this virus as the positive control serum.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blot assays. The protein concentrations of the recombinant MBP-NS1 or GST-NS1 fusion protein were determined with Bradford's reagent (Bio-Rad Laboratories). Protein samples were denatured in Laemmli's sample buffer (Bio-Rad Laboratories) and boiled for 5 min. Denatured proteins (6 g of protein/lane) were separated in a sodium dodecyl sulfate-4 to 20% polyacrylamide gel gradient (Criterion; Bio-Rad Laboratories) by sodium dodecyl sulfate-polyacrylamide gel electrophoresis at 120 V for 2 h. The NS1 protein preparations were then transferred to nitrocellulose, and the blots were blocked with 20% (wt/vol) nonfat skim milk overnight at 4°C and washed three times in phosphate-buffered saline (PBS). Poultry sera were diluted 1:10, incubated for 1 h at 37°C, and then washed three times in PBS. The secondary antibody goat anti-turkey immunoglobulin G (IgG) or goat anti-chicken IgG conjugated to horseradish peroxidase (Kirkegaard & Perry Laboratories, Inc., Gaithersburg, Md.) was added (1:500), and the mixture was incubated for 1 h at 37°C. The preparations were then developed by using an alkaline phosphatase substrate kit (Vector, Burlingame, Calif.). Anti-GST antibody (Bethyl Laboratories, Montgomery, Tex.) was used at a 1:1,000 dilution.
ELISA for NS1 detection. Serum samples were diluted in titer tubes 1 day before testing by ELISA. The serum diluent for the NS1 fusion protein ELISAs consisted of 5% (wt/vol) nonfat skim milk containing 0.5% normal E. coli cell lysate in PBS. The E. coli cell lysate was omitted for the serum diluent used on NS1 peptide-coated ELISA plates. Serum samples were heat inactivated at 56°C for 30 min, cooled, and then placed on ELISA plates. Immunolon II ELISA plates (Dynatech Laboratories, Chantilly, Va.) were coated with NS1 fusion protein (1 g/well) in PBS and incubated at room temperature overnight. The NS1 peptides (1 g/well) were diluted in carbonate-bicarbonate buffer (pH 9.6) and incubated overnight at 4°C. The bound antibody was detected by the addition of goat anti-turkey IgG or goat anti-chicken IgG conjugated to horseradish peroxidase (Kirkegaard & Perry Laboratories, Inc.). The absorbance at 405 nm was measured for 30 min following the addition of 3-ethylbenzthiazoline-6-sulfonic acid (Kirkegaard & Perry Laboratories, Inc.). Some ELISA plates were coated with purified whole influenza virus (50 HAU of gradient-purified H5N9 [TW/68] or H7N2 [CP/97] per well) to show the overall influenza virus antibody response in vaccinated poultry compared with that in infected poultry. This protocol detected antibodies directed against internal NP or M1 proteins as well as antibodies directed against the surface glycoproteins. For the initial ELISA (Table 1) , the titers were expressed as the highest dilution that yielded an optical 
RESULTS
Anti-NS1 antibody response as a measure of influenza virus infection. Sera from WPR chickens that received live virus, commercial AI vaccine, or gradient-purified AI vaccines were tested for the presence or absence of specific antibodies to the NS1 protein. Chickens in the last two groups were immunized one to three times s.c., and sera were collected 1 day before administration of a vaccine boost and 2 weeks after the final boost. Chickens infected with TW/68, RNC/93, CK/NY/94, CP/ 97, or TV/02 LPAI virus, representatives of the H5 or H7 subtype, were inoculated i.n. or i.v. with infectious allantoic fluid ( Table 1) . Two different NS1 fusion proteins, GST-NS1 and MBP-NS1, were used as representatives of the NS(A) and the NS(B) alleles, respectively, and were used to coat the ELISA plates. As shown in Table 1 , immunization by any method resulted in a substantial induction of IgG antibody responses to whole influenza virus. A boost(s) with inactivated vaccines enhanced the response by 16-to 250-fold. The gradient-purified vaccine given three times induced the highest titers of antibody to whole influenza virus antigen among all groups; however, anti-NS1 antibodies were undetectable in these birds. In contrast, live H5 or H7 virus induced the highest anti-NS1 antibody responses among the three groups, with titers ranging from 100 to 400. Antisera from poultry infected with viruses representative of groups NS1(A) and NS1(B) reacted similarly to both fusion proteins. Chickens that received one to three inoculations of commercial vaccine had low but detectable antibody responses (titers, 25 to 100) to the NS1 protein, indicating the presence of low levels of NS1 protein in the commercial AI (H7N2) vaccine (Table 1) . No ELISA responses (titer, Ͻ25) were detected against MBP or the GST protein (data not shown).
Western immunoblotting was performed as a second serologic assay to detect the presence of serum IgG antibodies to the NS1 protein. The source of the antiserum used for this assay was a pool of four to five chickens that were either infected or vaccinated one to three times with H5 or H7 LPAI virus. Regardless of the fusion protein used, Western blot analysis confirmed the ELISA results by detecting anti-NS1 antibodies in birds that received live H5 (TW/68) or H7 (RNC/ 93) virus but not in chickens that received purified vaccine (Fig. 1) . Faint bands of reactivity to the NS1 protein were observed in sera from chickens that received two vaccinations (data not shown) or three vaccinations (Fig. 1A and B, lanes 5) with the commercial H7N2 vaccine. No NS1 antibodies were observed in normal chicken sera or sera from chickens that received normal allantoic fluid emulsified in commercial adjuvant (sham-vaccinated chickens). Furthermore, no reactions against MBP or the GST protein itself were observed; however, the anti-GST antibody reacted strongly to the GST-NS1 fusion protein (Fig. 1A, lane 1) . Taken together, these results confirm that anti-NS1 antibodies were induced to the greatest levels in birds infected with live AI virus in comparison to the levels in birds inoculated with inactivated AI vaccines.
Because sera from birds vaccinated with the commercial vaccine had low reactivities to the NS1 protein, we next evaluated the ability of diluted serum from immunized chickens to react with the NS1 protein. NS1 protein; however, pooled sera from the group of birds that received two boosts were borderline positive for the NS1 protein ( Table 2 ). The ELISA revealed that a 1:200 dilution of immune serum from birds that received the commercial H7 vaccine did not react to the NS1 protein (Table 2 ). In contrast, 100% of infected birds tested positive for NS1 antibody when their sera were tested at a 1:200 dilution. For the MBP-NS1-coated ELISA plates, OD values greater than or equal to 0.177 (the cutoff value) were considered positive. Individual serum samples (five per group) were also run at the dilutions indicated above and confirmed the results for the pooled sera. These results demonstrate that by diluting immune sera 1:200, a specific NS1 ELISA can provide an antigenic marker for influenza virus infections among poultry. Application of NS1 ELISA for diagnostic testing of field samples. Field validation of the NS1 ELISA method was undertaken by testing immune sera from domestic poultry that had been vaccinated or infected with AI virus. Sera from 20 H1N1-vaccinated turkeys along with matching preimmune samples collected before vaccination were tested for AGP and NS1 antibodies. The commercial influenza H1N1 vaccine was a killed autogenous preparation that uses a 2001 North Carolina H1N1 subtype virus of swine or turkey origin. For comparison, sera from five experimentally H1N1-infected MWT turkeys collected 4 weeks after i.n. infection were also tested. Sera from 20 turkeys that had been vaccinated two to three times and that had been found to be AGP positive reacted negatively in the MBP-NS1 ELISA (Table 3 ) and the GST-NS1 ELISA (data not shown). In contrast, NS1 antibody could be measured in diluted sera from all five turkeys that received live H1N1 virus. Positive OD values for the sera from H1N1-infected turkeys ranged from 0.322 to 0.569 and from 0.237 to 0.489 on ELISA plates coated with the MBP-NS1 and the GST-NS1 fusion proteins, respectively.
Field validation of the NS1 ELISA was also performed with sera from 25 H7N2-infected red layers that had clinically recovered. This LPAI virus was isolated in April 2003 from a single layer operation located in Rhode Island. For comparison, birds in an experimental group of five WPR chickens were immunized three times with the commercial H7N2 vaccine and tested for AGP and NS1 antibodies. Sera from these birds were collected 2 weeks after the final vaccine boost and were found to be positive for AGP antibodies but negative for antibodies to the NS1 protein when the sera were tested at a dilution of 1:200 (Table 3 ). In contrast, 19 of 25 serum samples from the H7N2-infected chickens, which were positive for antibody by the standard AGP test, were also positive for antibodies to the MPB-NS1 fusion protein. To determine if two synthetic NS1 peptides could serve as antigens capable of detecting antibodies in the sera of AI virus-infected poultry, peptides NS1 [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] and NS1 [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] were synthesized on the basis of the predicted antigenicity of NS1(B) consensus sequences. Chicken anti-H7 sera were reactive against the MBP-NS1 fusion protein and the NS1 [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] peptide but reacted poorly with the NS1 [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] peptide. Positive OD values for the sera from H7N2-infected turkeys ranged from 0.322 to 0.569, 0.106 to 0.338, and 0.08 to 0.141 on ELISA plates coated with the MBP-NS1 fusion protein, the NS1 [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] peptide, and NS1 [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] peptide, respectively. (2) s.c. In field situations, vaccinated chickens and turkeys may subsequently be exposed to live virus; and although infectious virus can be detected among vaccinated poultry (33, 35, 40) , the low level of virus replication may result in a low NS1 antibody response. Therefore, the MBP-NS1 and peptide ELISAs were used to test sera from 20 MWT turkeys that were vaccinated two to three times with the commercially available H7N2 vaccine and subsequently challenged with 10 7 EID 50 s of TV/02 virus. As shown in Table 3 , sera collected from all 20 turkeys 2 weeks after virus challenge were positive for AGP and NS1 antibodies. Turkey anti-H7 sera were reactive against the fusion protein and the NS1 [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] peptide, but immune sera from infected poultry reacted poorly to the NS1 29-41 peptides, with only 4 of 20 field serum samples being positive by the peptide ELISA. Taken together, these results suggest that an ELISA for the measurement of antibodies against NS1 recombinant protein or an NS1 peptide may be useful for the diagnosis of AI virus infections among poultry flocks.
DISCUSSION
Because LPAI virus infections among chickens and turkeys are often asymptomatic, the diagnosis requires serologic monitoring. Most poultry diagnostic laboratories prefer the serologic AGP test because of its simplicity and broad specificity for the detection of type A influenza virus infections among poultry. AGP antibodies recognize conserved nucleoprotein (NP) and matrix (M1) influenza virus proteins present in the sera of poultry exposed to AI virus and therefore can detect multiple subtypes of influenza A virus (3). Other serologic tests for AI include an ELISA, which also measures antibody responses to conserved internal proteins, and the subtype-specific HI assay (21) . However, these standard serologic tests for AI virus exposure do not differentiate between vaccinated and infected poultry when traditional vaccines are used (36) . An improved serologic assay for AI virus infection would allow the identification of poultry that have been infected with AI virus, while it would correctly exclude animals that have been vaccinated with any subtype. The diagnostic test described in this study used a conserved nonstructural protein that is not associated with virions but that is expressed in large amounts in influenza virus-infected cells (17) . Testing by sensitive immunoassays for antibodies against the NS1 antigen, we compared the NS1 antibody responses in vaccinated and infected poultry and found that live virus infection induced the highest levels of NS1 antibody compared with the amount induced by commercial vaccines, which induced little or no detectable antibody to NS1 protein. Following dilution of immune sera, the NS1 ELISA was an effective tool for the screening of poultry sera for evidence of AI virus infection.
The NS1 protein, although a weak antigen in comparison to other influenza virus proteins, is remarkably conserved among type A influenza viruses (5, 19, 30, 39) . Previous studies demonstrated that the NS1 protein could be detected in the sera of horses experimentally infected with the H3 subtype of influenza virus but not in the immune sera of animals immunized with inactivated viruses (4, 22) . The inactivated whole-virus equine vaccine used in the aforementioned studies was partially purified, thus removing residual NS1 protein that would be present in the infectious medium. This allowed the clear distinction between H3-vaccinated and H3-infected horses by using the NS1 protein as a differential marker (4, 22) . In our study, antiserum from poultry that received commercial vaccines had some weak reactivity to the NS1 protein, as detected by the NS1 ELISA and Western blot analysis. This reactivity was not observed in poultry that received normal allantoic fluid emulsified in the same commercial adjuvant. Thus, it seems likely that the NS1 protein is present at low levels in the unpurified, infectious allantoic fluid of embryonated chicken eggs used for the production of commercial AI vaccines. AI virus replicates and causes the death of the endothelial cells lining the allantoic sac. This results in the release of the cell contents, which potentially could include some NS1 protein. However, we were unable to detect NS1 protein in infectious allantoic fluid by using Western blot analysis and a number of different (monoclonal and polyclonal) antibodies to NS1 protein (data not shown). In contrast to commercially vaccinated poultry, immune sera from birds that received gradient-purified vaccines had no detectable levels of NS1 antibody, even though these animals displayed a high-level antibody response to other influenza virus proteins (Fig. 1B and Table 1 ). Due to the lack of NS1 protein in purified virions, it was not surprising that these animals were unable to generate an antibody response to NS1 protein, even after three immunizations. We then sought to determine the serum dilutions that would allow the differentiation of vaccinated and infected poultry. At dilutions of 1:10 and 1:50, most sera from poultry that received the traditional commercial AI vaccine still reacted weakly to the NS1 protein by the NS1 ELISA. However, optimal discrimination between vaccinated and infected poultry was achieved with sera diluted 1:200, a dilution at which sera from infected poultry yielded positive ELISA reactions but sera from vaccinated poultry gave consistently negative results. Using this value, we were able to provide a test that identifies poultry as positive or negative for influenza virus infection. Concerning the two different NS gene lineages described (19, 30, 39) , the selection of an NS1 protein from NS1(A) or NS1(B) may have to be considered to optimize the reactivity of immune sera. However, there are four highly conserved regions among both groups (19) , and this conservation would allow the NS1 ELISA to work for viruses found in the NS1(A) and NS1(B) groups. Although extensive testing of the antigenic cross-reactivities of the two different groups of NS genes was beyond the scope of the present study, the diagnostic specificity of the NS1 antibody response did not appear to be confined to the NS1(A) and the NS1(B) groups. Our data indicate that there are antigenic cross-reactions between the gene lineages because antisera from poultry infected with the NS1(A) or NS1(B) type of virus reacted equally well to the GST-NS1 and the MBP-NS1 fusion proteins ( Table 1) .
Confirmation of the anti-NS1 test result required verification in tests with field sera from animals that represented populations that might be targeted. Therefore, field sera from infected or vaccinated poultry, which possessed AGP antibodies, were chosen for testing; hence, it was unlikely that these poultry were not properly infected or vaccinated since they demonstrated AI virus exposure when their sera were tested by the standard serologic test. A second serologic test was performed with sera from experimental birds to demonstrate that vaccinated poultry responded to the H5 and H7 vaccines with increases in serum IgG antibody levels. The highest serum antibody titers to whole influenza virus detected by ELISA were observed in poultry sera collected after three vaccinations. Although each vaccine (commercial or purified) boost significantly enhanced the IgG antibody responses to whole influenza proteins, the specific NS1 antibody response never displayed an endpoint ELISA titer of greater than 100. Particular emphasis was placed on NS1 antibody responses to influenza H5 and H7 virus strains, because these are the subtypes most frequently found in AI outbreaks worldwide (34) . We also found that the NS1 ELISA could be a diagnostic tool for the determination of H1N1 virus infection of poultry (Table 3) . Avian influenza H1N1 virus has been a problem in U.S. commercial turkey flocks in areas with high densities of swine, and some states routinely vaccinate flocks against the H1N1 AI virus (41, 42) .
The influenza virus NS1 proteins used in these studies were expressed in bacterial cells, and purification of the protein was carried out to remove the bulk of the bacterial proteins. Initial preparations of unpurified NS1 proteins expressed in E. coli resulted in high ELISA background levels (OD value range, 0.235 to 0.588) in sera from older (age, Ͼ4 weeks) uninfected chickens and turkeys (data not shown). This nonspecific reactivity to unpurified E. coli-derived NS1 proteins may be due to cross-reactive antibodies to common bacterial antigens, particularly those present in the serum of older poultry. To overcome this problem, the MBP-NS1 and GST-NS1 purified expression systems were used to remove the bulk of the E. coli proteins, which resulted in significant reductions (OD value range, 0.09 to 0.149) in the reactivity of uninfected poultry sera to bacterial proteins. In addition, serum samples were diluted with 0.5% normal E. coli cell lysate. To further reduce the background cross-reactivity to negligible levels and to avoid the addition of E. coli cell lysate, we tested the immune reactivity of N-terminal NS1-specific peptides synthesized on the basis of the predicted antigenicity of consensus sequences. The two different peptides used in these studies encompass a 13-amino-acid region within the NS1 protein. Our data demonstrated that the NS1 [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] peptide was weakly antigenic compared with the antigenicities of the MBP-NS1 fusion protein and the NS1 [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] peptide. Although the NS1 36-48 peptide was less antigenic than the full-length MBP-NS1 fusion protein, the former was still able to detect anti-NS1 antibodies exclusively in the sera of poultry infected with influenza virus and gave consistently lower background levels by the NS1 ELISA. In regards to the diagnostic sensitivity of the NS1 antibody response, we found that it was at least equal to that of the AGP test. Thus, sera from infected poultry that possessed AGP antibodies also displayed NS1 antibodies, whereas the field chickens that did not mount an AGP antibody response also failed to show anti-NS1 antibodies (Table 3) .
AI is a disease of economic importance and remains a continuous threat to commercial poultry operations. During the initial stages of an AI virus outbreak, the feasibility of using an AI vaccine would depend on a number of factors, including the ability to differentiate between vaccinated and infected poultry. A diagnostic tool that differentiates vaccinated from infected poultry will provide valuable information to state veterinarians and poultry industries when they are considering vaccination as an option to control LPAI. A recently developed test has allowed the differentiation of infected from vaccinated animals by using a heterologous neuraminidase (NA) subtype and an anti-NA antibody detection test (6) . This strategy has provided some success but has limitations because of the availability of vaccine strains that require proper combinations of the HA and the NA subtypes. Thus, the HA subtype of the vaccine strain must have a high degree of homology to the HA subtype of the circulating strain and, in addition, must possess a different NA subtype; however, the use of the reverse genetics system would allow a more flexible strategy for the differentiation of infected from vaccinated poultry (18) . The results from this study indicate that the use of a simple and specific ELISA for the serodiagnosis of infection with multiple LPAI virus subtypes can distinguish infected poultry from vaccinated poultry. This diagnostic test may lay the groundwork for additional strategies that will yield optimal results. One such strategy is the construction of recombinant influenza viruses with a truncated or deleted NS1 protein that could be used for the generation of influenza vaccines (38) . Such recombinant vaccines would lack NS1 epitopes and would provide a means for the clear distinction between vaccinated and virus-infected poultry.
